In females, reproductive activity relies on proper integration of daily and environmental changes as well as cyclic sex-steroid feedback. This study sought to investigate the role of the hypothalamic ArgPhe amide-related peptide (RFRP)-3 in the daily and seasonal control of reproductive activity in female Syrian hamsters by analyzing the RFRP system and investigating the effects of central administration of RFRP-3 at different reproductive stages. In long day-adapted sexually active female hamsters, the number of c-Fos-activated RFRP immunoreactive neurons was reduced in the afternoon of diestrus and proestrus; the latter was correlated with increased kisspeptin activity and the luteinizing hormone (LH) surge. Moreover, acute RFRP-3 administration decreased LH secretion when given midafternoon, before the LH surge, and had no effect at other time points of proestrus or diestrus. These data indicate that RFRP-3 exerts a tonic inhibition on LH secretion, which is lifted at the time of the preovulatory surge on the afternoon of proestrus. In short day-adapted sexually inactive female hamsters, Rfrp expression is strongly inhibited in a sex steroid-independent manner, and prolonged central infusion of RFRP-3 completely reactivated the reproductive axis through increased kisspeptin expression, gonadotropin and estradiol secretion, and gonadal weight. These findings reveal a critical role of RFRP-3 in the control of reproductive activity in female rodents and suggest that RFRP neurons, acting alongside kisspeptin neurons, are essential for proper synchronization of reproductive activity with the time of the day, the stage of the estrous cycle, and the seasonal changes in photoperiod. (Endocrinology 158: 652-663, 2017) T he hypothalamic-pituitary-gonadal axis is controlled by hypothalamic gonadotropin-releasing hormone (GnRH) neurons, which are responsible for regulating gonadotropin secretion from the pituitary and subsequent downstream effects on the gonads. The activity of this functional axis is tightly regulated by environmental and metabolic factors to ensure reproductive success. In female mammals, daily cues control the timing of the preovulatory LH surge (1, 2), and annual changes in day length synchronize breeding activity with the season (3, 4). Identification of GnRH neuron activity regulators has been the focus of many studies, and hypothalamic neuropeptides belonging to the Arg-Phe (RF) amide family of peptides (i.e., kisspeptin and RF amide-related peptide-3 [RFRP-3]) were recently reported to be critical for conveying daily (5, 6) and seasonal (7, 8) cues to GnRH neurons.
T he hypothalamic-pituitary-gonadal axis is controlled by hypothalamic gonadotropin-releasing hormone (GnRH) neurons, which are responsible for regulating gonadotropin secretion from the pituitary and subsequent downstream effects on the gonads. The activity of this functional axis is tightly regulated by environmental and metabolic factors to ensure reproductive success. In female mammals, daily cues control the timing of the preovulatory LH surge (1, 2) , and annual changes in day length synchronize breeding activity with the season (3, 4) . Identification of GnRH neuron activity regulators has been the focus of many studies, and hypothalamic neuropeptides belonging to the Arg-Phe (RF) amide family of peptides (i.e., kisspeptin and RF amide-related peptide-3 [RFRP-3]) were recently reported to be critical for conveying daily (5, 6) and seasonal (7, 8) cues to GnRH neurons.
RFRP-3, also named gonadotropin inhibitory hormone (GnIH), or neuropeptide Val-Phe (NPVF) was discovered in vertebrates in 2000, and reported to inhibit gonadotropin secretion in quails (9) . In mammals, the Rfrp gene encodes RFRP-1, -2 and -3 peptides, of which only RFRP-1 and RFRP-3 are functional peptides (10) (11) (12) , expressed in neurons located in the dorsomedial hypothalamus (DMH) and between the DMH and ventromedial hypothalamus (8, 10, (13) (14) (15) . RFRP-3 has been reported to inhibit GnRH neuron activity and gonadotropin release in several mammalian species (13, (16) (17) (18) (19) (20) (21) (22) ; however, 2 recent studies performed in seasonal male hamsters reported that central administration of RFRP-3 stimulates reproductive activity (14, 23) , thus indicating species differences in its effect. Moreover, in the Syrian hamster, gonadotropin secretion is stimulated by RFRP-3 in males (23) but inhibited in females that had had ovariectomy (OVX) (24) , suggesting additional sex differences in the effect of the peptide.
In all seasonal mammals investigated, Rfrp expression is markedly downregulated by increased release of the pineal hormone melatonin in short photoperiod (SP) (8, 14, 15, (25) (26) (27) (28) . Furthermore, long-term infusion of RFRP-3 in SPadapted male Syrian hamsters restores reproductive activity despite photoinhibitory conditions (23) . Altogether, increasing evidence points toward RFRP neurons as critical intermediates between the melatonin-dependent photoperiodic signal and the reproductive axis (29) (30) (31) .
In addition to the seasonal regulation, female reproductive activity is regulated by ovarian-derived estradiol (E2) and suprachiasmatic nuclei (SCN)-dependent circadian signals (32) (33) (34) . In female rodents, the ovarian cycle is characterized by a preovulatory LH surge, which occurs at the end of the resting period on the day of proestrus. Kisspeptin-expressing neurons in the anteroventral periventricular (AVPV) and medial preoptic (MPN) nuclei are critical for integrating both SCN-derived vasopressin and E2 signals to time the LH surge (6, (35) (36) (37) (38) (39) . Recently, it was hypothesized that RFRP neurons might also be involved in modulating the LH surge because they display a daily rhythm in neuronal activity in proestrus, which correlates with the time of the surge (5, 40) . Although RFRP neurons project to a subset of GnRH and AVPV/MPN kisspeptin neurons (13, 21) , the underlying mechanisms through which RFRP-3 regulates reproductive activity remain unknown.
Through use of the female Syrian hamster as a seasonal rodent model of female reproduction, this study investigated whether the RFRP system is subjected to estrous-and dailydependent regulations and, more important, explored whether RFRP-3 exerts variable effects according to the time of the day, the stage of the estrous cycle, and the season.
Materials and Methods

Animals
Adult sexually mature female Syrian hamsters, Mesocricetus auratus, bred in-house, were used in this study. From birth, they were maintained in a long photoperiod (LP) consisting of 14-hour light and 10-hour dark (lights on at 05:00), at 22°C 6 2°C with ad libitum access to food and water. When required, some animals were transferred to an SP consisting of 10-hour light and 14-hour dark (lights on at 09:00) for 10 weeks to induce full gonadal regression. 
Surgical procedures and animal manipulation
Determination of estrous cycle and timing of the LH surge Female Syrian hamsters have a 4-day estrous cycle. The stages of the cycle (proestrus, estrus, metestrus, and diestrus) were determined by daily examination of vaginal smears, collected in the morning, during a 3-week period before euthanasia (41) . To further determine the occurrence of the LH surge, LH levels were analyzed at different time points during the day of proestrus (08 hours, 11 hours, 15 hours, 16 hours, 20 hours; n = 6/group) and diestrus (08 hours, 15 hours, 20 hours; n = 5/group).
Intracerebroventricular infusion
Acute or chronic central administration of RFRP-3 (Caslo Laboratory, Lyngby, Denmark) was performed according to a previously described protocol (23) . LP-or SP-adapted female Syrian hamsters were anesthetized by using a mixture of Zoletil 20 (40 mg/kg; Virbac, Carros, France) and Rompun (10 mg/kg; Bayer Pharma, Puteaux, France). By stereotaxic surgery, a stainless steel cannula was placed in the lateral ventricle 2 mm lateral to the midline, 0.8 mm anterior to the Bregma, and 3 mm inferior of the dura mater. Acute injections (4 mL/animal; flow rate, 1 mL/min) of vehicle (Ringer's solution, B. Braun Medical, Boulogne, France) or RFRP-3 (0.375 mg/mL diluted in Ringer's solution) were done under light anesthesia with isoflurane vapor (AErrane; Baxter, Maurepas, France). LP-adapted female hamsters were injected at 10:30, 12:30, or 14:30 (n = 6 to 7 per group) and all euthanised at 15 hours. For chronic infusions, the cannula (Alzet brain infusion kit1, Durect, Cupertino, CA) was connected to an osmotic minipump (Alzet minipump model 2006; flow rate, 0.15 mL/h; duration, 6 weeks) prefilled with artificial cerebrospinal fluid (aCSF) or Syrian hamster RFRP-3 diluted in aCFS (0.25 nmol/h, 12 mg/d). Animals were kept in the respective photoperiods, LP or SP (n = 8/ group), during the 5.5 weeks of infusion. Chronic experiments were repeated twice with the same outcomes. In one setup, intact LP and SP animals were included and no differences were found between vehicle-treated and intact animals.
Ovariectomy and estradiol capsule implantation
Female Syrian hamsters were anesthetized with 3% isoflurane and N 2 O to perform OVX or sex steroid replacement, as previously described (42 For in situ hybridization analysis, the fixed brains were dehydrated and embedded in polyethylene glycol as previously described (43) . Serial 16-mm-thick coronal sections were cut throughout the DMH and 1 in 6 was mounted on SuperFrost Plus (Menzel-Gläser, Braunschweig, Germany) slides.
Hormone measurements
Enzyme-linked immunosorbent assay for LH measurement LH levels were determined in 50-mL plasma using a sandwich enzyme-linked immunosorbent assay method developed by Steyn et al. (44) . Modifications to the otherwise previously described procedure were made with help from Jenny Clarkson (Department of Physiology, University of Otago, New Zealand). Plasma samples (diluted 1:20) and rLH standards (rat LH-RP-3, National Institute of Diabetes and Digestive and Kidney Diseases, National Hormone and Pituitary Program, in twofold serial dilution), were incubated for 2 hours in wells pretreated overnight with bovine LHb 518B7 monoclonal antibody (obtained from Lillian E Sibley, University of California) and blocking buffer for 1 hour. Wells were treated with detection antibody (polyclonal rabbit LH antibody AFP240580Rb, National Institute of Diabetes and Digestive and Kidney Diseases, National Hormone and Pituitary Program) for 1.5 hours, followed by a 60-minute incubation with polyclonal goat anti-rabbit IgG/horseradish peroxidase antibody (catalog no. P0488; DAKO Cytomation, Glostrup, Denmark) diluted 1:2000. Development was done in a 30-minute incubation with an o-phenylenediamine (OPD tablets, catalog no. 00-2003; Invitrogen, Camarillo, CA) substrate solution containing 0.1% H 2 O 2 . Absorbance was read at a wavelength of 490 nm and 655 nm, using a standard absorbance plate reader and final LH concentrations were determined by subtracting 655-nm values and zero standards from 490-nm values and interpolating the optical density values from the rat LH standard curve. The intra-assay variations were ,6%, the interassay variations were ,5% to 10%, and the sensitivity of the assay was 3.9 pg/mL.
Radioimmunoassay for E2 measurement
Serum E2 levels were determined by using an E2 radioimmunoassay kit (RIA-4381 CT, DRG Diagnostics GmbH, Marburg, Germany). Plasma samples and standard dilutions (50 mL) were added to E2-antibody-coated tubes along with 500 mL of 125 I-labeled E2 and incubated at 37°C for 3 hours. The 125 I-labeled E2 was counted in a gamma counter and E2 concentrations of the samples were determined by dose interpolation from the calibration curve. The intra-assay variations were ,8%, the interassay variations were ,14%; the sensitivity of the assay is specified to be 6.4 pg/mL according to the provider.
Immunohistochemistry
Single immunohistochemical labeling
Kisspeptin immunoreactive neurons were visualized by an avidin-biotin immunohistochemical approach, as previously described (45, 46) , using a primary antiserum raised against fulllength rat kisspeptin-52 [JLV-1, research resource identifier (RRID): AB_2631061] (45) diluted 1:200 (Table 1) , which shows no cross-reactivity with other members of the RFRP family of peptides (46) . Bound kisspeptin antibodies were detected by a 60-minute incubation with biotinylated donkey anti-rabbit secondary antibody (1:1000; Jackson ImmunoResearch, West Grove, PA), followed by a 60-minute incubation in avidin-biotinperoxidase complexes (Vectastain ABC kit, Vector Laboratories, Burlingham, CA). Sections were developed for 10 minutes in 0.1% diaminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO) and 0.03% H 2 O 2 in Tris-HCl, resulting in a brown cytoplasmic precipitate, and mounted on glass slides using a medium containing 0.5% gelatin and 0.05% chromium (III) potassium sulphate dodecahydrate (catalog no. ACRO222525000; VWR International, Soeborg, Denmark), dried and coverslipped in Pertex (Histolab, Västa Frölunda, Sweden).
Dual immunohistochemical labeling
Covisualization of c-Fos-positive labeled RFRP-or kisspeptin-immunoreactive neurons was carried out by using an immunohistochemical procedure modified from the method described above to enable detection of 2 antigens present in different cellular compartments using primary antisera derived from the same host species. By repeating the procedure, the 2 primary antibodies are distinguished by using different development procedures. First, sections were immunoreacted for c-Fos by using a primary rabbit polyclonal antiserum directed against c-Fos diluted (RRID: AB_2631062) 1:12,000 (47) ( Table 1) . Sections were developed in a nickel-enhanced 0.05% diaminobenzidine (Sigma-Aldrich) with 0.05% H 2 O 2 in 0.05 M Tris-HCl buffer (pH 7.6) for 6 minutes, generating a black precipitate within the nucleus. The procedure was repeated with primary kisspeptin (JLV-1) antiserum diluted 1:200 or the RFRP/GnIH antiserum (quail GnIH antiserum, RRID: AB_2531898), kindly provided by Professor Kazuyoshi Tsutsui (9), diluted 1:5000 (Table 1) , previously characterized for use in Syrian hamster brain tissue (15) . Development was done by using 0.1% diaminobenzidine (Sigma-Aldrich) and 0.03% H 2 O 2 in Tris-HCl alone, for 10 minutes, generating a brown cytoplasmic precipitate, after which sections were mounted on glass slides as described above.
Quantification of immunolabeled cells
The total number of kisspeptin-ir and RFRP-ir cells was counted manually, while double-blinded for animal's identities, on series including every fourth section (1 every 160 mm). Only groups analyzed in the same immunohistochemical run were compared. Quantifications were done by using a Zeiss Axioskop 2 plus microscope (Carl Zeiss Microscopy, Göttingen, Germany). For each animal, the total number of RFRP-ir neurons was counted on 11 serial sections, from the caudal part of medial anterior hypothalamus throughout the medial hypothalamus, thus including the entire DMH/ventromedial hypothalamus region. The total number of kisspeptin-ir was counted in the AVPV/ MPN and the arcuate nucleus (ARC) separately. For each animal, kisspeptin-positive labeled neurons were counted on 7 serial sections (1 every 160 mm) at the level of the AVPV/MPN and on 11 serial sections at the level of the ARC. The relative number of kisspeptin and RFRP neurons containing nuclear c-Fos immunoreactivity was counted manually in each animal and presented as the percentage of the total number of immunolabeled neurons.
Digital images
Digitally captured photomicrographs (103 or 203 magnification) were taken with a Zeiss Axioskop 2 plus microscope. Scale bars were added by using ImageJ software (National Institutes of Health, Bethesda, MD). When needed, photomicrographs were converted to 8-bit grayscale images and, if necessary, brightness/contrast was equally adjusted on all images.
In situ hybridization
Rfrp mRNA was analyzed by using nonradioactive in situ hybridization according to a previously described protocol (48) . Sense and antisense riboprobes were transcribed from linearized plasmid containing a Phodopus sungorus Rfrp cDNA (87-529 of GenBank JF727837) in the presence of digoxigenin-labeled nucleotides (Roche). Polyethylene glycol sections were postfixated in 2% paraformaldehyde, digested for 30 minutes at 37°C with 1 mg/mL proteinase K (Roche) and acetylated twice for 10 minutes in 100 mM triethanolamine and 0.25% acetic anhydride. Riboprobes were denatured and mixed with hybridization medium (200 ng/mL) containing 50% formamide, 53 SSC, 53 Denhardt's solution and 1 mg/mL salmon sperm DNA. Hybridization was performed for 40 hours at 60°C, followed by 6 3 10-minute stringency rinses at 72°C in 0.13 SSC. Digoxigenin-labeled bound probes were detected with an alkaline phosphataselabeled antidigoxigenin antibody (Roche) and alkaline phosphatase activity was detected with bromochloroindolyl phosphate and nitroblue tetrazolium in the presence of 5% polyvinyl alcohol (70.000 to 100.000 MW; Sigma, St. Quentin Fallavier, France).
Quantification of labeled cells
Observers were blinded to the identities of the animals, and only groups analyzed in the same hybridization run were compared. For semiquantitative analysis of the integrated density of individual cells, photomicrographs were taken on a Leica DMRB microscope (Leica Microsystems, Rueil-Malmaison, France) with an Olympus DP50 digital camera (Olympus France, Rungis, France). All lighting parameters on the microscope and camera software (Viewfinder Lite, Olympus, Rungis, France) were standardized to ensure consistent, stable lighting. A background image of the slide without a section was taken for each slide and subtracted from the corresponding sample image to compensate for heterogeneous illumination of the image field. Images were analyzed by using ImageJ software. A fixed-size circle was laid over labeled cells, and the mean labeling intensity was determined by measuring all labeled cells.
Statistical analyses
Results are shown as mean 6 standard error of the mean (n = 6 to 8 per group). Data were analyzed by unpaired Student's t test, and multiple group comparisons were analyzed by using 1-way analysis of variance, followed by post hoc analysis; the Holm-Sidak test or Tukey honestly significant difference test, as appropriate. Statistical significance was set at a P value ,0.05.
Results
RFRP-and kisspeptin-expressing neurons display variable activity according to the time of day and reproductive stage in the female Syrian hamster A first set of experiments aimed at investigating whether RFRP and kisspeptin neurons exhibit differential regulation according to the time of day and the estrous stages in LP-adapted sexually active female Syrian hamsters. The estrous cycle of female hamsters was monitored and LH levels were measured at different time points on the day of diestrus and proestrus, including 2 points in the late afternoon at the time of the preovulatory surge [ Fig. 1(A) ]. Next, we evaluated the number of kisspeptin (in the AVPV/MPN) and RFRP-3 neurons, as well as their activation, assessed by the relative number of c-Fos-positive labeled neurons. We saw no changes in the number of kisspeptin-ir and RFRP-ir neurons at the different time points of proestrus and diestrus [ Fig. 1(B) and 1(D) , left panels]. On the day of proestrus, the number of c-Fospositive kisspeptin neurons in the AVPV/MPN was significantly increased [ Fig. 1(B) , right panel, and Fig. 1(C) ]; in contrast, the number of c-Fos-positive RFRP-3 neurons was significantly reduced [ Fig. 1(D) , right panel, and Fig. 1(E) ] at the time of the LH surge. On the day of diestrus, when circulating LH was at stable low levels, the number of c-Fos-positive RFRP-3 neurons was still decreased in the late afternoon [ Fig. 1(D) , right panel, and Fig. 1(E) ], whereas the number of c-Fos-positive kisspeptin neurons remained at a constant low level [ Fig. 1(B) , right panel, and Fig. 1(C) ]. A second set of experiments investigated whether RFRP expression in the female hamster displays photoperiod-or sex steroid-dependent regulation. Our results show that Rfrp mRNA levels were markedly higher in LP compared with SP conditions and that such photoperiodic variation remained unchanged following OVX in LP or E2 implants in SP (Fig. 2) .
Effect of acute intracerebroventricular injections of RFRP-3 on LH secretion depends on the reproductive stage and time of day in intact female Syrian hamsters
This experiment evaluated whether acute intracerebroventricular (ICV) injections of RFRP-3 may have variable effects according to the estrous stage and time of day in physiologically intact female hamsters raised in LP or SP conditions. In SP-adapted female hamsters, ICV injection of RFRP-3 (1500 ng) had no effect on the basal level of LH, in contrast to kisspeptin-10 (700 ng), which potently stimulated the release of LH (vehicle: 0.0407 ng/mL; RFRP-3: 0.0695 ng/mL; and kisspeptin-10: 1.3485 ng/mL; P , 0.0001; data not shown). In LP-adapted female hamsters, RFRP-3 (1500 ng) was given at 3 different time points in proestrus before the preovulatory surge of LH (morning, 10:30; midday, 12:30; and just before the surge in LH, 14:30), as well as in diestrus (14:30) . On the day of proestrus, RFRP-3 significantly reduced the LH surge amplitude measured at 15:00, when injected 30 minutes before the surge, but not when injected earlier in the morning or midday (Fig. 3) . When given in diestrus, RFRP-3 had no effect on basal LH levels (Fig. 3) . We subsequently 
Discussion
Reproduction in female mammals undergoes regular phases of activation and inactivation throughout the day press.endocrine.org/journal/endoand ovarian cycles, and in seasonal species sexual activity is furthermore submitted to annual regulation. Here, we examined how the RFRP system may be involved in the daily, oestrian, and seasonal cycles of female reproduction. Using the Syrian hamster as a seasonal model, we provide evidence indicating daily and seasonal variations in RFRP expression and a role for RFRP-3 in regulating 2 distinct features of female reproductive activity: notably, daily changes necessary for proper generation of the preovulatory LH surge and synchronization of reproductive activity with seasonal changes in photoperiod. We report that RFRP neuronal activation is specifically decreased at the time of the LH surge in the afternoon of proestrus, concomitant with a dramatic increase in kisspeptin activation. Interestingly, we observed that RFRP neuronal activity, unlike kisspeptin neurons, is similarly decreased in the afternoon of diestrus. Although daily variations in RFRP activation were not investigated in metestrus and estrus, this observation indicates that circadian variations in the activity pattern of RFRP neurons may occur independently of the stage of the estrous cycle. We found no daily changes in RFRP-ir cell numbers, which is in contrast to previous data showing that in female hamsters not only RFRP neuronal activity but also the number of RFRP-ir cell numbers are decreased at the time of the LH surge (5) , and that in female rats and ewes RFRP expression is reduced during the preovulatory period (49, 50) . We found no daily changes in the number of kisspeptin-ir neurons, which is in agreement with a previous study in female mice reporting that the number of kisspeptin-ir neurons remained unchanged throughout the day of proestrus and diestrus despite being activated in the afternoon of proestrus (39) . Recent findings have demonstrated that vasoactive intestinal peptide (VIP) neurons project to RFRP neurons in female Syrian hamsters and that central VIP administration suppresses RFRP cellular activity in the afternoon/ evening, but not in the morning (40) . Therefore, it seems likely that an SCN-derived VIP-ergic signal could drive the observed daily decrease in RFRP activity in an E2-independent manner. On the other hand, SCN-derived vasopressin neurons contact and activate AVPV/MPN kisspeptin neurons in an E2-dependent manner (37, 38, 51) . Our data, which analyzes both RFRP and kisspeptin neuronal activity in the same experimental setup, supports the hypothesis that the SCN clock drives the timing of the LH surge via a dual E2-dependent activation of kisspeptin neurons and E2-independent inhibition of RFRP neurons. It is worth mentioning that about 20% of kisspeptin neurons show increased activity and about 10% of RFRP neurons show reduced activity. Although we cannot exclude technical limitations in the c-Fos detection method, this suggests that not all neurons are targeted by, or react to, the daily SCN inputs.
The current study investigated the effect of RFRP-3 on the reproductive axis at different stages of the estrous cycle in a female rodent kept under physiological conditions. We show that RFRP-3 given just before the preovulatory LH surge decreased its amplitude. This finding agrees with previous investigations performed in OVX female rodents to bypass the potential interference of circulating sex steroids, showing that RFRP-3 inhibits artificially elevated plasma LH levels in Syrian hamsters (13) and rats (20, 52) . Considering the inhibitory effect of RFRP-3, along with the endogenous decrease in RFRP activation at the time of the surge, it appears that RFRP neurons exert a tonic inhibition on the hypothalamicpituitary-gonadal axis that is specifically lifted at the time of the LH surge. Our observation that c-Fos expression in RFRP neurons is also decreased in the afternoon of other estrous stages suggests that SCN-driven RFRP neuronal activity may be involved in other functions, such as feeding behavior (53) . In an attempt to study the downstream targets of RFRP-3, we analyzed the AVPV/ MPN kisspeptin neurons. RFRP neurons project to the AVPV/MPN (13, 15) and in rats, 20% of these kisspeptin neurons express RFRP receptors (21) . Nevertheless, we found no changes in the number or activation of AVPV/ MPN kisspeptin neurons, indicating that the inhibitory effect of RFRP-3 is not mediated via these neurons. Several studies also report that RFRP neurons project to GnRH neurons and that RFRP-3 directly modulates the activity of a subpopulation of GnRH cells (13, 14, 18,  21, 23, 54) . Indeed, Ducret et al. (19) have shown that press.endocrine.org/journal/endoRFRP-3 inhibits the firing rate of 41% GnRH neurons, while at the same time activating 12% of GnRH neurons. Altogether, these findings suggest that the inhibitory effect of RFRP-3 on the LH surge is mediated via GnRH. Alternatively, although our RFRP-3 injections were done in the intracerebral space, a direct pituitary effect cannot be ruled out because it has been reported that RFRP-3 may inhibit LH secretion directly at the pituitary (13, 17) . Additional studies are necessary to further explore the basis of RFRP-GnRH neuronal interactions in relation to the regulation of the preovulatory LH surge. Our data strengthen the evidence for sex-specific differences in the acute effects of RFRP-3 on LH secretion in the Syrian hamster: RFRP-3 stimulates gonadotropin secretion in males (23) while inhibiting it in females (this study). A possible explanation for this sex-related discrepancy may suggest different central sites of action. Indeed, we recently reported a marked sex-dependent difference in RFRP-3 receptor (GPR147) mRNA expression with higher levels in the female compared with the male Syrian hamster's brain (15) . Furthermore, RFRP-3 administration in males induces c-Fos expression in yet-unidentified nonkisspeptinergic neurons in the ARC (23) , whereas in females we observed a strong increase in c-Fos expression at the level of the MPN (data not shown). ERa-expressing g-aminobutyric acid-ergic neurons in this area are essential for proper positive feedback of E2 (55) , and a possible interaction between these neurons and the observed effects of RFRP-3 should be investigated. Further analyses are required to determine the identity of the neurons differentially activated by RFRP-3 in males and females, as well as the physiologic relevance of their activation.
Seasonal breeding is an adaptive strategy used by many species to ensure birth and weaning of their offspring at the most favorable time of year. Recent data have demonstrated that both RFRP and ARC kisspeptin neurons are pivotal for this synchronization process (56, 57) (reviews). RFRP expression is markedly upregulated in LP conditions in all seasonal species investigated (8, 14, 15, (26) (27) (28) (this study), and we recently revealed that this regulation is driven by thyroid-stimulating hormone (TSH) produced in the pars tuberalis under the control of melatonin (30) . ARC kisspeptin expression also depends on melatonin-driven TSH, but this regulation is strongly modulated by inhibitory sex steroid feedback (7, 30, 42) . Here, we show that neither OVX in LP-adapted females nor E2 implants in SP-adapted females alter Rfrp expression, indicating that E2 has no long-term effect on RFRP expression in females, like testosterone in male rodents (8, 58, 59) . These findings support the evidence that it is mainly melatonin-driven TSH, independently from sex steroid feedback, which controls the photoperiodic variation in RFRP expression. Although a portion of RFRP neurons coexpress ERa, the role of E2 in regulating RFRP expression remains controversial (13, 54, 60, 61) .
Our data reveal a previously uncharacterized role for RFRP-3 in the seasonal regulation of reproduction in females. We show that a 5-week, chronic infusion of RFRP-3 in SP-adapted female Syrian hamsters reactivates the reproductive axis to levels similar to those in LP animals, along with increased kisspeptin expression in both the ARC and AVPV/MPN; the latter is probably driven by indirect positive E2 feedback due to increased ovarian activity (42) . We have previously observed a similar restoration in ARC kisspeptin-ir and reproductive activity after chronically administering RFRP-3 in SPadapted male Syrian hamsters (23) . Altogether, our findings suggest that the melatonin-driven TSH regulation of RFRP-3 mediates the seasonal regulation of reproduction via ARC kisspeptin neurons in both male and female seasonal rodents.
Because we found that an acute injection of RFRP-3 dampens the preovulatory LH surge, we investigated the effect of RFRP-3 chronic infusion in LP-adapted female hamsters. In contrast to SP-adapted females, we found that continuous administration of RFRP-3 in LP significantly decreases LH levels, gonadal weight, as well as ARC, but not AVPV/MPN kisspeptin expression, thus inhibiting reproductive activity, although not to a fully inactive SP state. Our data suggest that in LP conditions, high levels of RFRP-3 may decrease the amplitude of each LH surge, ultimately leading to reduced reproductive capacity.
Together, our data raise the following intriguing question: How and why, in the same species and sex, does RFRP-3 display opposite effects depending on the seasonal environment, as also reported in male Siberian hamsters (14) ? We recently showed that RFRP-3 receptor (GPR147) mRNA expression is markedly downregulated in SP compared with LP conditions in female Syrian hamsters (15) , which strengthens the pivotal role of this neuropeptide in the regulation of seasonal functions. Further studies are now required to delineate the mechanisms underlying such diverging effects of RFRP-3.
To conclude, the present data demonstrate for the first time how the RFRP system is involved in both daily and seasonal regulation of female reproductive activity, pointing to a critical role of RFRP-3, along with that of kisspeptin, in the neuroendocrine control of reproduction. Whereas kisspeptin has been reported as a potent stimulator of reproductive activity, regardless of the species, sex, and environmental conditions investigated (62) , the role of RFRP-3 appears far more complicated than initially expected. For future experiments it will be essential to bear in mind that there might be sex-and photoperiod-dependent differences in the effects of RFRP-3 in other species than the Syrian hamster.
